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Structure of the C-Terminal Domain of Human
La Protein Reveals a Novel RNA Recognition Motif
Coupled to a Helical Nuclear Retention Element
other small RNAs, binding by La appears to contribute
to nuclear retention of nascent transcripts and/or as-
sembly into functional ribonucleoprotein complexes
(Maraia and Intine, 2001; Wolin and Cedervall, 2002;
Maraia, 2001; Intine et al., 2002). Recently it has been
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Comparison of La sequences reveals that the N-ter-Summary
minal domain (NTD) of the protein (approximately resi-
dues 1–200) is more conserved than the C-terminal do-The La protein is an important component of ribo-
nucleoprotein complexes that acts mainly as an RNA main (CTD), which varies greatly in length between
different eukaryotes. While there is wide agreement thatchaperone to facilitate correct processing and matu-
ration of RNA polymerase III transcripts, but can also residues 112–184 of the NTD form an RNA recognition
motif (RRM) or ribonucleoprotein consensus sequencestimulate translation initiation. We report here the
structure of the C-terminal domain of human La, which domain (RNP-CS) (Kenan, 1995; Maraia and Intine, 2001;
Wolin and Cedervall, 2002), the structure of the domaincomprises an atypical RNA recognition motif (La225–
334) and a long unstructured C-terminal tail. The cen- upstream of this feature has been the subject of some
debate. On the basis of structure predictions and unpub-tral  sheet of La225–334 reveals novel features: the
putative RNA binding surface is formed by a five- lished circular dichroism spectra, it is believed to contain
a predominantly helical La motif (residues 16–75), a do-stranded sheet and, strikingly, is largely obscured by
a long C-terminal  helix that encompasses a recently main that is conserved in a range of RNA binding pro-
teins (Maraia and Intine, 2001; Wolin and Cedervall,identified nuclear retention element. Contrary to previ-
ous observations, we find that the La protein does not 2002). However, other reports predict residues 20–92 to
contain the mixed / secondary structure of an RRMcontain a dimerization domain.
domain (Kenan, 1995; Maraia and Intine, 2001, 2002).
Resolution of this issue awaits the determination of theIntroduction
three-dimensional structure of the La-NTD.
The CTD is highly variable among eukaryotes for rea-The La protein is an abundant nuclear phosphoprotein
sons that are not well understood. This portion of thethat associates with the 3 poly(U)-rich elements of na-
protein is longest and most complex in mammals andscent RNA polymerase III (pol III) transcripts. Since its
is reported to contain an RRM, a short basic motif (SBM)first identification as an autoantigen in patients with
that incorporates a Walker A motif, a dimerization do-systemic lupus erythematosus and Sjogren’s syndrome,
main, a regulatory phosphorylation site on Ser 366, ahomologs of human La (hLa) have been found in many
nuclear retention element (NRE), and a nuclear localiza-eukaryotes, including yeast. Although many functions
tion signal (NLS) (Simons et al., 1996; Craig et al., 1997;have been ascribed to La, biochemical and genetic stud-
Maraia and Intine, 2001; Wolin and Cedervall, 2002; Fig-ies indicate that the protein acts primarily to protect the
ure 1).3 end of newly synthesized small RNAs from exo-
The conserved NTD of La binds to 3-UUU-OH se-nuclease digestion, ensuring that they are correctly
quences common to pol III transcripts and other smallfolded and processed (reviewed in Maraia and Intine,
RNAs (Wolin and Cedervall, 2002; Maraia and Intine,2001; Wolin and Cedervall, 2002; Maraia, 2001). For
2001, 2002). The role of the CTD in RNA binding is less
well characterized, but it appears to have a distinct role*Correspondence: sasi.conte@port.ac.uk (M.R.C.), s.curry@imperial.
ac.uk (S.C.) in RNA recognition and is reported to be involved in
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Figure 1. Domain Organization of hLa and
Deletion Mutants Used in This Study
This schematic representation includes the
results described in this article (see text).
binding 5-triphosphates and internal sequences in chemical shifts and in the dynamic backbone analysis
as revealed by {1H}-15N NOE values. In particular, com-structured RNA molecules (Maraia and Intine, 2001,
parison of 1H-15N HSQC spectra of La225–408, La225–2002; Wolin and Cedervall, 2002; Goodier et al., 1997;
359, and La225–334 (Figure 2) indicated that all well-Ali et al., 2000; Fan et al., 1998; Bhattacharya et al.,
dispersed peaks correspond to residues assigned in the2002). Moreover, the CTD has been proposed to play a
230–325 region (Jacks et al., 2002) and suggests, first, thatrole in pol III reinitiation, although the involvement of La
the three-dimensional structure of this fragment is veryin transcription termination and the regulation of recy-
similar in all three cases, regardless of the length of thecling of pol III transcription complexes is still controver-
C-terminal tail and, second, that the C-terminal tail (326–sial (Maraia and Intine, 2001; Wolin and Cedervall, 2002).
408) is itself unstructured. Severe spectral overlap, highIn spite of two decades of interest in this complex,
susceptibility of La225–359 and La225–408 to proteasemultifaceted protein, there is as yet no three-dimen-
degradation, and relatively low stability at temperaturessional structural information for La. To further our under-
higher than 4C prevented sequence-specific assign-standing of its function, we have undertaken the first
ment of C-terminal residues beyond Arg334. However,structural investigation of the CTD of hLa (residues 225–
the reduced {1H}-15N NOE values for the cluster of signals408). We find that it contains a novel type of RRM (resi-
from C-terminal extensions of La225–334 provide a fur-dues 225–334) followed by a long, unstructured region.
ther clear indication of their disordered nature (FigureContrary to previous reports (Craig et al., 1997; Horke
2). Analysis of the far-UV circular dichroism spectrumet al., 2002; Ohndorf et al., 2001), we also show that the
for La225–334 estimates an / content that is highlyRRM does not negatively regulate binding of short U-rich
consistent with the solution structure for this fragmentRNA oligomers, and that La is monomeric, not dimeric, in
(Figure 3; see below). Although the shapes of the curvessolution.
are very similar for La225–334, La225–359, and La225–
408, the molar ellipticities are significantly less negativeResults and Discussion
for the longer fragments, indicating that the additional
sequences present in these longer proteins do not addStructure Determination
to or otherwise alter the predicted secondary structure
To characterize the structure of the entire C-terminal
content (Figure 3). The C-terminal domain of hLa has
domain of hLa, a combination of analytical techniques often been described as a regulatory element acquired
was applied to three different constructs (La225–408, by metazoans during evolution (Maraia and Intine, 2001;
La225–359, and La225–334; Figure 1). All of these pro- Wolin and Cedervall, 2002). In vivo, more than 85% of
teins contain the putative C-terminal RRM, which is pre- La protein appears to be phosphorylated at position
dicted to start at residue 231 (Birney et al., 1993; Kenan, 366, a modification that downregulates the binding of
1995). La225–408 contains the entire CTD; La225–359 5-ppp RNAs (Maraia and Intine, 2001). Our analysis
is truncated at the point where the protein is cleaved in reveals that Ser 366 is contained within a flexible and
poliovirus-infected cells (Meerovitch et al., 1993; Shiroki unstructured polypeptide in hLa; though the mechanism
et al., 1999). La225–334 was obtained as a proteolytic for this regulation remains to be investigated, conceiv-
degradation product from expression of La225–408 in ably phosphorylation may affect direct contacts with
E. coli (Jacks et al., 2002). NMR analysis of this series RNA ligands or the conformations available to the pro-
of deletion mutants allowed us to identify a core globular tein when RNA is bound (see below).
domain, comprising residues 231–325 (Jacks et al., Because the region 231–325 is the only segment that
2002; and see below), flanked by a short flexible N termi- appears to contain defined structural elements, the
nus (residues 225–230) and a long, flexible C terminus La225–334 fragment (which contains the RRM and NRE)
(residues 326–408). These global features were manifest was used in NMR experiments for high-resolution solu-
tion structure determination.in the comparative dispersion pattern of 1H and 15N
Structure of the C-Terminal Domain of Human La
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Figure 2. Comparison of La225–334 and La225–408
1H-15N HSQC spectrum for (A) La225–334 and (B) La225–408 demonstrating that resonances arising from residues 335–408 in the longer
construct are concentrated in a narrow range of proton chemical shifts (8.0–8.5 ppm); subspectrum of {1H}-15N NOE experiment (saturated 
0.84  control) for (C) La225–334 and (D) La225–408 showing those amide groups experiencing fast internal motion.
Tertiary Structure of La225–334
The three-dimensional solution structure of La225–334
was determined using heteronuclear multidimensional
NMR techniques. A final family of 20 superimposed
structures for La225–334 is shown in Figure 4A. The
overall root-mean-square deviation (rmsd) between the
family and the mean coordinate position is 0.46 A˚ for
backbone atoms in structured regions. The structure
calculation statistics are given in Table 1.
La225–334 (Jacks et al., 2002) comprises a single mo-
nomeric domain with a topology that differs significantly
from canonical RRMs (Figures 4 and 5). In a typical
RRM, the 1-1-2-3-2-4 topology of the secondary
structure elements folds to form a four-stranded antipar-
allel  sheet with the strands interleaved to give a 4-
1-3-2 arrangement. The solvent-exposed face of the
 sheet forms the RNA binding surface, while the oppo-
site face packs against the two  helices to make up
the hydrophobic core of the domain (Nagai et al., 1990).
RRM domains are further characterized by the posses-
sion of two short sequence motifs (RNP-1 and RNP-2),
Figure 3. Far-UV Circular Dichroism Spectra for La225–408, La225– which lie on the central pair of strands and usually con-
359, and La225–334
tain aromatic residues conserved at key positions, en-
The secondary structure content estimated by CD spectra analysis
abling them to make base stacking interactions withgave the following values: La225–334 (30% , 40% , 10% turn,
RNA (Oubridge et al., 1994). In contrast, the RRM within20% irregular); La225–359 (23% , 33% , 7% turn, 36% irregular);
and La225–408 (18% , 30% , 5% turn, 49% irregular). La225–334 possesses a 1-1-2-3-2-4-4-3 to-
Structure
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Table 1. Summary of Structural Statistics for La225–334
NMR Restraints
Total distance restraints 569
Intraresidue 3
Interresidue
Short- to medium-range (residue i to i  j, j  1–4) 389
Long-range (residue i to i  j, j 	 4) 177
Hydrogen bond 74
Total dihedral angle restraints 140
φ 71

 69
NH residual dipolar coupling restraints 36
Restraint violations
Distance restraint violation 	 0.3 A˚ none
Dihedral restraint violation 	 5 none
NH residual dipolar coupling restraint violation 	 2 Hz none
Average rmsd (A˚) among the 20 refined structures
Backbone of structured regionsa 0.46
Heavy atoms of structured regions 1.07
Backbone of residues 231–325 0.67
Heavy atoms of residues 231–325 1.22
Ramachandran statistics of 20 structures
Percentage residues in
Most favored regions 82.3%
Additional allowed regions 12.6%
Generously allowed regions 2.8%
Disallowed regions 2.3%
Residual dipolar coupling R factor 3.8%
a Residues selected on the basis of 15N backbone dynamics: 233–
238, 247–254, 259–264, and 270–322.
C-terminal helix (3) (discussed in more detail below),
comparative analysis using the structure alignment pro-
Figure 4. The RRM from La225–334 gram DALI (Holm and Sander, 1995) revealed that the
(A) Superposition of 20 refined structures for La225–334. The back- core of the RRM domain within La225–334 is similar
bone traces for residues 227–327 are shown; The N and C termini to more typical RRM proteins. The closest structural
are indicated and the  strands are numbered. homologs of La225–334 are the RRM proteins hnRNP
(B) Secondary structure of La225–334 superimposed on the amino
A1 (Shamoo et al., 1997; rmsd of 3.1 A˚ over 74 equivalentacid sequence. The RNP motifs are boxed; asterisks mark the posi-
C atoms, Z  5.1) and CBP20 (Mazza et al., 2001; 2.6 A˚tions of residues within these motifs that are aromatic in most RRMs.
over 70 C atoms, Z  5.0). Nevertheless, the unusualConserved basic and acidic residues in the NRE are underlined;
overbars indicate the positions of the triad of acidic residues on the nature of the RRM within the CTD of hLa is further under-
 sheet surface (see text). scored by the absence of aromatic residues that are
conserved at key positions on the  sheet RNA binding
surface in other RRM proteins (Figure 4B). In addition,
the  sheet surface is decorated with a triad of acidicpology and folds to generate a five-stranded, antiparallel
 sheet that is terminated by a long  helix. The fifth side chains (D263, E270, and E304; Figure 5B); although
acidic residues occur at equivalent positions in otherstrand, inserted between 2 and 4 (which we have
labeled 4), lies antiparallel to 4 on one edge of the RRM domains, La225–334 is unusual in possessing
acidic residues at all three positions (Birney et al., 1993). sheet, which thus adopts a 4-4-1-3-2 ar-
rangement. Glu and Asp side chains are normally absent from the
RNA binding surface, presumably because they interactThis particular topology is unprecedented for RRM
domains, though one other instance of an RRM with a unfavorably with the RNA phosphate backbone and are
not commonly involved in hydrogen bonding to nucleo-five-stranded  sheet has been reported; the third RRM
in the polypyrimidine tract binding protein (PTB) con- tide bases (Allers and Shamoo, 2001). The atypical elec-
trostatic surface potential of La225–334 can be appreci-tains a C-terminal extension that includes a long, flexible
linker and adds a fifth strand antiparallel to2, generat- ated in Figure 5D; the conventional RRM exhibits a
marked basic character, as exemplified by U1A, whereasing a 4-1-3-2-5 layout (Conte et al., 2000; Figure
5A). Thus, the additional  strand in La225–334 occurs La225–334 conversely displays a preponderance of
acidic residues in corresponding locations.on the opposite edge of the  sheet compared to the
position of the fifth strand in PTB-RRM3. For PTB, the Other members of the RRM family also possess a
rather long and flexible 2-3 loop, which has beenextension to the  sheet has been shown to be involved
in RNA binding (Yuan et al., 2002); whether this is also shown to play a central role in RNA binding and specific-
ity, allowing significant conformational changes and or-the case for La225–334 remains to be seen.
Aside from the inserted  strand (4) and the long der-disorder transitions upon RNA binding (Leulliot and
Structure of the C-Terminal Domain of Human La
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Figure 5. Structure Details of La225–334 and Comparisons with Other RRM Domains
(A) Structural comparison of the RRM from La225–334 with PTB-RRM3 and U1A. The RNP1 (2) and RNP2 (3) motifs are indicated by
contrasting coloring in each case.
(B) Stereo view of La225–334 indicating that helix 3 obscures the top half of the  sheet.
(C) Stereo view of hydrophobic residues involved in stabilization of helix 3 on the surface of the  sheet; residues conserved in the NRE
(Intine et al., 2002) are also indicated. The view is rotated approximately 90 about a horizontal axis relative to that shown in (B).
(D) Electrostatic surface potential of La225–334 and U1A (in the same orientation as [A]); acidic and basic regions are colored red and blue,
respectively.
Varani, 2001). In contrast, the loop 2-3 in La225–334 form a hydrophobic strip on the underside of the helix
that contacts an apolar patch on the  sheet comprisedis extremely truncated and just marginally more flexible
than the core of the protein, with {1H}-15N NOE values of of L233, W261, I272, L274, and L306 (Figure 5C). The
C-terminal turn of helix 3 (from Gln322 onward) is lessaround 0.66–0.77 (data not shown).
well defined in our structure; it undergoes fast internal
motion on the pico- to nanosecond time scale (dataStructure, Stabilization, and Function
not shown) and shows no contacts with the rest of theof the C-Terminal Helix
molecule (Figures 4 and 5).In La225–334, it is also clear that the conventional RNA
A C-terminal helical extension was previously ob-binding surface is largely obscured by the second unan-
served for the U1A RRM (Avis et al., 1996). In this case,ticipated structural feature of this RRM: the long
the helix is much shorter, extending for only two com-C-terminal helix (residues 308–325). This helix (3) is
plete turns, and lies diagonally across the central portionconnected to 4 by a very short linker and extends for
of the  sheet RNA binding surface. As observed forfive turns to lie across the top half of the  sheet (Figure
La225–334, the positioning of the helix in U1A is stabi-5). The helix is very well defined in the solution structure
lized by hydrophobic interactions between the under-and is clearly stabilized by hydrophobic interactions with
the  sheet; in particular, residues V310, A314, and I318 side of the helix (I92, I93, M96) and an apolar region on
Structure
838
the  sheet (M50, L43, F55, I57). However, the solvent-
accessible surface area buried by this interaction is
590 A˚2, significantly less than observed for the La RRM
(890 A˚2). Comparison with the structure of the U1A-RNA
crystal structure (Oubridge et al., 1994) revealed that
this C-terminal helix was displaced toward the top of
the sheet when the protein bound to its cognate RNA
stem-loop, leading to the suggestion that the role of
the helix in the apo-protein was to shield the largely
hydrophobic RNA binding surface from solvent, thus
minimizing the risk of aggregation (Avis et al., 1996). In
the U1A-RNA complex, residues from the helix contact
the RNA and contribute to binding (Avis et al., 1996).
Recently, it has also been found that the conformational
change of the C-terminal helix upon RNA binding medi-
ates the formation of the functional complex of two U1A
proteins bound to the complete regulatory element, with
protein-protein interactions occurring in the C-terminal
helix (Varani et al., 2000). In the case of La225–334, a
role of the RRM in RNA binding has not yet been de-
tected (see below), so the consequences of the pres-
ence of a long helix obscuring the upper part of the
putative RNA binding site are not clear.
Previous structure predictions for La correctly antici-
pated the presence of an RRM within the C terminus
of hLa, beginning at around residue 230 (Kenan, 1995;
Birney et al., 1993), but did not detect the elaborations
to the canonical RRM structure that are revealed by our
NMR study. The new features detected in La225–334
thus add valuable information to the expanding data-
base of RRM structures. Although the C-terminal frag-
ment shows a lower degree of conservation among La
homologs, sequence comparisons indicate that the pu-
tative hLa RRM and NRE are quite conserved in verte-
brates and also show 	26% identity (52% similarity)
with the D. melanogaster and A. albopictus homologs.
This suggests that the structure reported here for human
La is conserved in vertebrates and invertebrates, under-
scoring the functional importance of the novel extension
to the  sheet and the C-terminal helix.
An intriguing recent report demonstrated that the seg-
Figure 6. RNA Binding Affinity of La Proteinsment 316–332 from hLa functioned as an NRE and
Gel shift assays monitoring the binding affinity of La proteins for 10served to hold pre-tRNAs in the nucleus, thus facilitating
nt oligo(U) in the absence and presence of 50 g/ml of competitor
their proper processing (Intine et al., 2002). Our struc- yeast tRNA. Experimental details are given in Experimental Procedures.
tural result reveals that the NRE is contained within the Protein concentrations (nM) used are indicated above each lane and
C-terminal helix. Intine and colleagues identified three were identical for each fragment. F, free RNA; B, bound RNA.
conserved hydrophobic residues within the NRE from
different species (A314, I318, and I319 in hLa), two of this RRM within La may modulate the activity of the
which are involved in stabilization of the position of the NRE, though this remains to be demonstrated.
helix relative to the body of the RRM (see above). In Although La homologs in the yeasts S. cerevisiae and
addition they found a pair of conserved basic residues S. pombe lack an RRM domain corresponding to the
(K316, K317) and a pair of conserved acidic residues C-terminal RRM found in higher eukaryotes, Intine and
(E320, E324), which in our structure are exposed on one colleagues were nevertheless able to identify a similar
flank of the C-terminal half of the helix, facing toward NRE within these proteins (Intine et al., 2002). The se-
the lower half of the  sheet (Figures 5B and 5C). It would quence similarity suggests that in the yeast La homo-
thus appear that the presentation of these residues in logs, the NRE may again adopt a helical conformation
a helical structural context is crucial to their function. because the arrangement of conserved residues is simi-
Conceivably, they may promote binding to a nuclear lar to that found in hLa. However, in this case, the NRE
protein that mediates retention, but the identity of such abuts the RRM that corresponds to the central RRM in
a protein is still unknown. The proximity of the helix to hLa (Figure 1) and raises the intriguing possibility that
the RNA binding surface and the precedent established in yeast, this functional element may be appended to
by U1A (in which the position of the helix is significantly the central RRM in a manner similar to that observed
for the C-terminal RRM of La225–334.altered by RNA binding) suggest that RNA binding to
Structure of the C-Terminal Domain of Human La
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RNA binding, at least for short oligo(U) sequences. ThisTable 2. Dissociation Constants (nM) for Binding of hLa and
was confirmed in subsequent experiments with C-terminalSeveral Deletion Mutants to 10 nt oligo(U) RNA
La constructs which showed that, although La225–334
KD (nM) had no detectable binding to oligo(U), La225–408 pos-
Protein No Competitor tRNA oligo(A) sessed weak binding activity that was blocked in the
La1–408 162  83 146  45 168  38 presence of excess unlabeled tRNA or oligo(A) (Figure
La1–334 92  28 162  53 326  106 6; Table 2). La225–359 bound oligo(U) RNA similarly to
La1–194 102  37 128  57 154  80
La225–408 in filter binding assays (data not shown).La225–408 21,900  11,900 	100,000 -
Moreover, 1H-15N HSQC chemical shift mapping experi-
ments found no detectable interaction between the
structured portion of La225–408 (residues 230–325) and
The mechanism of the NRE remains to be fully under- 10 nt oligo(U) (data not shown).
stood and at present it is not clear whether La proteins Together, these data reveal that a region present in
lacking this C-terminal helix (residues 316–332; Intine et La225–359 and La225–408, but absent in La225–334,
al., 2002) are not retained in the nucleus because they is capable of binding in a nonspecific fashion with 5-
lack a dominant NRE or because they expose a nuclear monophosphorylated 10 nt oligo(U) RNA. The inter-
export signal. Nevertheless, the structure presented acting portion therefore does not encompass the atypi-
here provides a valuable opportunity to investigate the cal C-terminal RRM (231–325), and probably involves
NRE function in fine detail, for example, by indicating the unstructured SBM that spans residues 328–363, an
residues that may be mutated to abrogate its function observation that is consistent with previous work on
without disrupting the fold of the protein. pre-tRNA (Fan et al., 1998), Hepatitis C virus IRES (Ali
et al., 2000), and 5-triphosphate RNA targets (Bhatta-
RNA Binding Analysis charya et al., 2002).
What is the role of the La-CTD in RNA binding? Previous The lack of RNA binding activity displayed by the C-ter-
experiments have shown that constructs containing just minal RRM may be attributable to the particular struc-
the NTD bind to RNA molecules containing a 3-UUU- tural features of this domain, principally the blocking of
OH sequence at least as tightly as the whole protein the RNA binding surface by helix 3 and the fact that it
(Maraia and Intine, 2001; Wolin and Cedervall, 2002). contains an unusually high number of acidic residues (see
The CTD of hLa is implicated in recognition of 5-triphos- above). However, it remains possible that the C-terminal
phates on RNA, primarily via the short basic motif (SBM; RRM of hLa contributes to RNA recognition for larger,
Goodier et al., 1997), though one in vivo study suggests structured RNA molecules, as suggested by recent find-
that the C-terminal RRM may also contribute to this ings (Horke et al., 2002), and this will be investigated in
function (Intine et al., 2000). The La-CTD also appears future work.
to recognize internal sequences in structured RNA mole-
cules such as pre-tRNA (Kenan, 1995) and the Hepatitis
C virus IRES (Ali et al., 2000). A recent report found that Oligomeric State of La
On the basis of Far Western blotting and size exclusiondeletion of the RNP-2 motif (residues 268–275) from the
C-terminal RRM domain abrogated binding to Hepatitis chromatography, hLa is reported to form homodimers
(Craig et al., 1997; Horke et al., 2002); in particular, dimer-B virus RNA (Horke et al., 2002).
In light of our new structural information, we used a ization is believed to be mediated by the segment 293–
348 (Craig et al., 1997). Based on NMR structure determi-series of La deletion constructs (Figure 1) to investigate
RNA binding with gel shift and filter binding assays. As nation and dynamics, however, La225–334 appears to
be monomeric in solution, which is unsurprising givenexpected, we found that the La-NTD (La1–194 in this
case) binds oligo(U) RNA with essentially the same affin- that this construct lacks an intact dimerization motif.
However, chemical shift analysis and 15N backbone dy-ity displayed by the intact protein (La1–408). The con-
struct La1–334, which contains an intact C-terminal namics experiments (see above and data not shown)
using relatively high concentrations (0.5 mM) of La225–RRM, exhibits essentially the same RNA binding affinity
as La1–408 (Figure 6; Table 2). A recent study found 408, which incorporates the entire putative dimerization
motif, gave no indication that the fragment was dimeriz-that La10–300 binds the RNA oligonucleotide 5-UGCU
GUUUU-3 about 3-fold less well than full-length La, and ing. To probe this observation further, we used analytical
ultracentrifugation to assess the oligomeric state of se-led to the suggestion that the C-terminal RRM may have
a negative regulatory effect on RNA binding (Ohndorf lected La constructs by sedimentation equilibrium mea-
surements. Figure 7 shows the best fit to the data foret al., 2001). However, although the discrepancy be-
tween the two reports may be attributable to differences La1–408, La225–408, La225–359, and La225–334 at
10–30 M, and reveals that they all exist as monomersin the sequence of the RNA target, our structural studies
reveal that the C-terminal RRM domain in La10–300 under the experimental conditions used. The discrep-
ancy between our results and those reported previouslylacks strand 4 and helix 3. Thus, the C-terminal RRM
in La10–300, as well as being incomplete, may also be (Craig et al., 1997; Horke et al., 2002) might be explained
if La self-associates at higher concentrations than usedat least partially misfolded and is unlikely to retain au-
thentic RNA binding behavior. in our experiments but is more likely due to limitations
of the gel filtration technique. The interpretation of sizeThough our results do not support a negative regulatory
effect of the C-terminal RRM on RNA binding, neither do exclusion chromatography experiments implicitly as-
sumes that the test protein has a globular nature thatthey indicate a positive contribution by this domain to
Structure
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Figure 7. Sedimentation Equilibrium Analytical Ultracentrifugation Data for hLa and Deletion Mutants Thereof
The molecular weights (Da) derived from curve fitting are indicated for each fragment, demonstrating that the La proteins exist as monomers
at the concentration used (30 M for La225–334; 15 M for La1–408 and La225–359; 10 M for La 225–408). MW, molecular weight.
is similar to that of the proteins used as molecular weight 2002; Figure 6). These minor species may arise due to
RNA-mediated dimerization or binding of a second RNAstandards. Our structural results indicate the presence
of a flexible tail at the C terminus of hLa, which is over molecule to the La monomer. Either way, their physio-
logical relevance is uncertain (Wolin and Cedervall,80 amino acids long and may therefore lead to overesti-
mation of the molecular weight of the protein on a size 2002), and the balance of present evidence suggests
that La interacts primarily as a monomer with a singleexclusion column. In contrast, sedimentation equilib-
rium experiments are not subject to hydrodynamic noni- RNA molecule.
In conclusion, our studies have brought a new claritydeality and therefore provide a more rigorous methodol-
ogy for the determination of molecular mass and the to the structure of the C-terminal portion of hLa and set
the scene for more penetrating analyses of its contribu-oligomeric state in solution (Laue, 2001). Conceivably,
the dimerization activity attributed to the minimal frag- tion to hLa function.
ment La293–348 under nonnative conditions in Far
Western assays (Craig et al., 1997) may be due to the
Experimental Procedures
highly basic nature of this peptide, which allows a non-
specific interaction with acidic regions in the GST-La Plasmid Construction and Protein Expression
Plasmids encoding full-length human La (pET-La1–408) and theused to probe the blots.
N-terminal domain (pET-La1–194) (Kenan, 1995) were generouslyWhen high concentrations of hLa are used in gel mo-
provided by Jack Keene and Dan Kenan. La1–408 and La1–194bility shift assays, additional minor species that migrate
proteins were expressed in E. coli strain BL21(DE3) pLysS. The cellsslower than the primary complexes are observed, indic-
were lysed in 50 mM Tris-HCl, 0.2 mM EDTA, 1.5 mM MgCl2, 10%ative of the formation of higher oligomeric states (Goo- (v/v) glycerol (pH 7.25) (buffer A). The protein was applied on a 5 ml
dier et al., 1997; Fan et al., 1998; Ohndorf et al., 2001; Hi-Trap heparin column (Amersham-Pharmacia Biotech) and eluted
with a linear 0–2.0 M KCl gradient in buffer A. The protein elutedLong et al., 2001; Horke et al., 2002; Wolin and Cedervall,
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was dialyzed overnight in buffer A, loaded onto a poly(U) Sepharose dipolar coupling restraints (Clore et al., 1998). NOEs observed at
100 ms were placed in three categories on the basis of estimatedaffinity chromatography column (Amersham-Pharmacia Biotech),
and eluted with a linear 0–2.0 M KCl gradient in buffer A. Peak peak intensities: strong (2.8 A˚), medium (3.5 A˚), and weak
(5.0 A˚); the distance restraints were calibrated internally usingfractions were pooled, dialyzed in 20 mM Tris-HCl, 100 mM KCl,
1 mM DTT overnight, and purified by gel filtration in the same buffer known distances. Dihedral angle restraints were obtained using the
backbone torsion angle prediction package TALOS (Cornilescu eton a Superose 12 column (Amersham-Pharmacia Biotech).
La225–408 was subcloned by PCR into expression vector pQE9 al., 1999) and by the calculated 3JHN coupling constants. The NH
residual dipolar coupling restraints were incorporated during the(Qiagen), using BamH1 and HindIII restriction sites, and expressed
in E. coli host strain M15 (Qiagen) as described previously (Jacks et Cartesian coordinate dynamics phase of the simulated annealing
protocol as harmonic restraints. Initial estimates for the magnitudeal., 2002). Proteolysis during expression gave rise to a hexahistidine-
tagged recombinant protein fragment (La225–334), which was puri- (12.5 Hz) and rhombicity (0.6) of the alignment tensor were obtained
using the maximum likelihood method developed by Warren andfied by affinity chromatography in a single step on a Ni-NTA resin
column (Qiagen; Jacks et al., 2002). Moore (2001), and were not improved upon by iteration during struc-
ture calculation.La225–359, La225–408, and La1–334 were prepared with N-ter-
minal histidine tags. The fragments were amplified from pET-La by The structures were displayed and analyzed using MOLMOL (Kor-
adi et al., 1996) and PROCHECK-NMR (Laskowski et al., 1996). ThePCR to introduce 5 BamHI and 3 NcoI sites and ligated into JM28,
a modified pET-28a vector (Novagen) in which the Nco1-BamH1 final family comprised the 20 lowest total energy structures; struc-
ture statistics are shown in Table 1.region has been replaced with a sequence encoding the peptide
MGHHHHHHIEGRWIL. The proteins were expressed in BL21(DE3)
pLysS E. coli grown on either rich media or minimal media containing
0.8 g/l 15N-ammonium chloride. Cell pellets were lysed in 20 mM Gel Shift and Filter Binding Assays
The binding of La and several deletion mutants to radiolabeled RNATris-HCl, 300 mM NaCl, 10 mM imidazole (pH 8), and purified by
affinity chromatography on a Ni-NTA resin column (Qiagen) using targets was assessed using gel shift and filter binding assays. The
decameric synthetic RNA oligonucleotide, 10 nt oligo(U), preparedthe manufacturer’s protocol. The eluted protein was dialyzed in 50
mM Tris-HCl, 0.2 mM EDTA, 1.5 mM MgCl2, 10% (v/v) glycerol (pH and gel purified by Dhamarcon Research Inc., was 5 end-labeled
with [-32P]ATP using T4 polynucleotide kinase (NEB). Removal of7.25) (buffer A), loaded on a 5 ml Hi-Trap heparin column (Amersham-
Pharmacia Biotech), and eluted with a linear 0–2.0 M KCl gradient unincorporated nucleotides on G-25 spin columns (Amersham-
Pharmacia Biotech) was verified by acrylamide gel electrophoresis.in buffer A.
In gel shift assays, protein-RNA binding reactions (75 l) were
incubated for 15 min at room temperature in 10 mM HEPES, 100NMR Spectroscopy
mM KCl, 3 mM MgCl2, 5% glycerol, 1 mM DTT; in some cases,NMR sample preparation and the 1H, 15N, and 13C resonance assign-
50 g/ml of yeast tRNA (Boehringer Mannheim) or 20 nt oligo(A)ments for La225–334 have been reported previously (Jacks et al.,
(Dhamarcon Research Inc.) was added to the reaction mixture. After2002). NMR samples of unlabeled and 15N-labeled La225–359 and
addition of 12 l of 30% Ficoll (Sigma-Aldrich), the samples wereLa225–408 were prepared dialyzing the purified proteins against
loaded on a prerun 9% native polyacrylamide gel at 4C in 0.5buffers containing 20 mM Tris-HCl, 100 mM KCl, 1 mM DTT (pH 7),
TBE (Tris-borate-EDTA) buffer. The gels were run for 1 hr at 125Vor 20 mM sodium acetate, 100 mM KCl, 1 mM DTT (pH 5.8–6.5) and
and dried onto Whatman 3MM chromatography paper. The activitythen concentrated to 0.2–0.5 mM in 700 l. NMR spectra were
associated with each band was quantified using a Molecular Dynam-recorded at 293, 298, 300, and 305 K on Varian Inova spectrometers
ics 445SI phosphoimager.operating at 14.1 and 18.8 T. Distance restraints used in structure
Simple equilibrium binding models for protein-RNA interactionscalculation were obtained from 1H/15N- and 1H/13C-edited NOESY-
were employed to analyze the results of the binding assays. For allHSQC experiments (Fesik and Zuiderweg, 1988). Dihedral φ angles
La proteins, a single binding site and a monomeric state was as-were obtained as described previously (Jacks et al., 2002). T1, T2,
sumed (see Results). The binding curves were plotted as the fractionand {1H}-15N NOE measurements were acquired using pulse se-
of radiolabeled RNA bound versus the concentration of the protein.quences adapted from standard schemes (Kay et al., 1989), incorpo-
The dissociation constants values are reported in Table 2.rating appropriate suppression of crosscorrelation (Boyd et al.,
Filter binding experiments were conducted as described pre-1990). Slowly exchanging amide protons were identified by acquir-
viously (Conte et al., 2000; Yuan et al., 2002). Curiously, La 1–194ing a series of 1H-15N HSQC spectra up to 12 hr after buffer exchang-
did not bind to the membrane in these assays; gel shift assays wereing the proteins in D2O. 1DNH residual dipolar couplings for La225–334
therefore used as the main method for comparing RNA affinities.were measured in a liquid crystalline phase composed of 5%
n-dodecyl-penta(ethylene glycol) (C12E5)/n-hexanol in 20 mM Tris-
HCl, 100 mM KCl (pH 7), at 305 K (Ru¨ckert and Otting, 2000), giving
Analytical Ultracentrifugationa stable 36 Hz quadrupolar splitting of the D2O signal. The final
Equilibrium analytical ultracentrifuge measurements were per-concentration of the protein in the liquid crystalline media was 0.3
formed on a Beckman XL-A analytical ultracentrifuge. The rotor usedmM. Precise measurements of 1JNH splittings were obtained from
was an eight-position AN50Ti and each cell had a six-channel epon1JNH-modulated 2D spectra (Tjandra et al., 1996).
charcoal-filled centerpiece, giving an optical path length of 12 mm.All spectra were processed using NMRPipe/NMRDraw (Delaglio
Baseline values of absorbance were obtained by overspeed runset al., 1995) and analyzed using XEASY (Bartels et al., 1995).
In NMR experiments to probe RNA binding, RNA oligonucleotides at 42,000 rpm. The cells were scanned stepwise ten times at a
were titrated into solutions containing 0.3–0.5 mM 15N-labeled La wavelength of 280 nm to generate an average scan for each sample.
deletion mutants in 20 mM Tris-HCl, 100 mM KCl (pH 7). 1H-15N The proteins were centrifuged at 8000, 14000, 21000, and 22500
HSQC spectra were recorded at RNA:protein molar ratios of 0.2:1, rpm at 20C until equilibrium was reached (15–21 hr). These run
0.5:1, 0.8:1, 1:1, 1.3:1, and 2:1 to facilitate the identification of the speeds were selected according to the molecular weights antici-
resonances perturbed by RNA binding to the protein. pated to be in the 10–100 kDa range. Concentrations of La proteins
used were between 0.5 and 30 M in 20 mM Tris-HCl, 100 mM KCl,
0.5 DTT (pH 7). For data analysis, the partial specific volumes (atStructure Calculation
20C) and molecular weights of the different La proteins were calcu-The solution structure of La225–334 was calculated on the basis of
lated from amino acid composition and gave the following values:569 NOE distance restraints, composed of 3 intraresidue, 389 short-
La1–408 (0.735 cm3 g1; 46837 Da); La225–408 (0.728 cm3 g1; 22456range (residue i to residue i  j, where 1  j  4), 177 long-range
Da); La225–359 (0.738 cm3 g1; 17033 Da); and La 225–334 (0.736(residue i to residue i  j, where j 	 4) connectivities, 140 dihedral
cm3 g1; 13920 Da). The solvent density was calculated to be 1.0035angle restraints, composed of 71 φ and 69 
 angles, 74 H bond
g ml1 at 20C. Beckman Optima XL-A/XL-1 data analysis softwaredistance restraints, and 36 NH residual dipolar coupling restraints.
(version 4.0) was employed to fit the data sets to the appropriateA combined torsion angle/Cartesian coordinate dynamics protocol
was executed using X-PLOR (Bru¨nger, 1993) modified to include equation for the self-associating model.
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Circular Dichroism (CD) Spectroscopy Bru¨nger, A.T. (1993). X-Plor Manual, Version 3.1. New Haven, CT:
Yale University.CD studies were performed at 22C on an Applied Photophysics
*-180 spectrophotometer; proteins were diluted to 0.5 mg/ml and Clore, G.M., Gronenborn, A.M., and Tjandra, N. (1998). Direct struc-
45 g/ml in 10 mM NaH2PO4, 100 mM KF (pH 7) for measurements ture refinement against residual dipolar couplings in the presence
with 0.1 and 2.0 mm path length cuvettes, respectively. Spectra of rhombicity of unknown magnitude. J. Magn. Reson. 131, 159–162.
were recorded from 360 to 180 nm at 1 nm intervals with single and
Compton, L.A., and Johnson, W.C. (1986). Analysis of protein circu-repetitive scanning. To estimate the content of secondary structure
lar-dichroism spectra for secondary structure using a simple matrixin the La fragments, curve fitting was performed by applying a step-
multiplication. Anal. Biochem. 155, 155–167.wise interactive method using the method of Compton and Johnson
Conte, M.R., Gru¨ne, T., Ghuman, J., Kelly, G., Ladas, A., Matthews,(1986) in conjunction with a modified Brahms and Brahms data set
S., and Curry, S. (2000). Structure of tandem RNA recognition motifs(Brahms and Brahms, 1980) for the nonglobular irregular structure.
from the polypyrimidine tract binding protein reveals novel features
of the RRM fold. EMBO J. 19, 3132–3141.Solvent-Accessible Area Calculation
The solvent-accessible surface area buried due to the association Cornilescu, G., Delaglio, F., and Bax, A. (1999). Protein backbone
of helix 3 with the surface of the  sheet was calculated for La225– angle restraints from searching a database for chemical shift and
334 and for U1A (Protein Data Bank ID code 1U1A) using the program sequence homology. J. Biomol. NMR 13, 289–302.
AREAIMOL (Lee and Richards, 1971). Craig, A.W., Svitkin, Y.V., Lee, H.S., Belsham, G.J., and Sonenberg,
N. (1997). The La autoantigen contains a dimerisation domain that
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